The flow structure and mixing mechanism of the high-viscosity fluid in an agitated thin-film evaporator were experimentally and numerically investigated. Film thickness, holdup and power consumption were measured, and velocity distributions were numerically calculated using a finite element method. The results show that most of the fluid flows downin a fillet and that mixing between fillet and film is extremely suppressed. This also suggests that usual thin-film evaporators are not alwayseffective.
Introduction
Agitated thin-film evaporators are widely used to concentrate polymer solutions by evaporating solvents in industrial processes. The evaporator can be operated in a vacuum, and the residence time of a solution in the equipment can be reduced to less than a few seconds. The agitated thin-film evaporator can therefore find wide application in food, pharmaceutical and petrochemical processes which involve the operations of refining, concentration or deodorization.
In such processes the solutions are often prone to thermal decomposition, or have the high viscosity or low thermal conductivity, making the thin-film evaporator even more useful. The evaporator equipment and its application are described in detail by Leonald3) and Mutzenburg et al. 5 ) Anagitated thin-film evaporator with a rotor blade is sketched in Fig. 1 . The supplied fluid flows down along the vertical cylindrical shell-wall and is agitated by a rotor blade. A clearance is held as a gap between the fixed blade-tip and the cylindrical wall. The agitation by the blade forms a film falling along the cylindrical wall and a falling fillet in the periphery of the blade. The falling film consists of both a radial drag flow due to the rotor blade and a downward flow due to gravity. The fillet consists of a falling spiral flow. These flow configurations suggest that the film flow maycontribute both to heat transfer between the fluid and the cylindrical wall and evaporation through the film surface, and that the fillet flow may predominate in momentumand mass transfer between the film and the fillet. Thus, it is of great importance to investigate the flow structure and mixing mechanism in the film and fillet flows in designing an effective thin-film evaporator.
Kern and Karakas2) and Godau1} analytically calculated the film thickness and falling velocity of highviscosity fluid in the thin-film evaporator under isothermal conditions without evaporation. Their analyses were based on the equations of motion. However, they neither compared the predictions with the measurements nor analyzed the flow structure in the fillet. Nakamura and Watanabe6) investigated the low-viscosity flow in an agitated thin-film evaporator under isothermal operating conditions. They approximately estimated the fillet size on the (r, 0)-plane and calculated the liquid holdup by means of a hydraulic jump theory. Finally, they showed that the predictions were in good agreement with the measurements. Mckelvey and Sharps4) calculated the mass balance on the (r, 0)-plane of an isothermal highviscosity flow by using the measurement of the film thickness and then estimated the size of the fillet. The predictions also showed the good agreement with the measurements. However, the calculations of Nakamura and Watanabe6) and Mckelvey and Sharps40 were not faithfully based on the equations of motion, and so they could not give the details of the flow structure and mixing mechanismwhich are most useful for the optimumdesign of an evaporator.
The purpose of the present work was to investigate experimentally and numerically the flow structure and mixing mechanismin an agitated thin-film evaporator with high-viscosity fluid and to examine whether the usual evaporators are really effective or not. Both experiments and calculations were conducted under isothermal conditions without evaporation (as well as under conditions reported in the published works). This is because the flow structure and mixing mechanism under isothermal flow conditions without evaporation are similar to those under non-isothermal conditions with evaporation, since both the fillet and film are also formed in an apparatus under the flow condition with evaporation. Power consumption, film thickness and holdup were measured. The Navier-Stokes equations were numerically solved using a finite-element method to obtain details of the flow structure and mixing mechanism, and the momentum and mass transfer between the film and fillet were studied by meansof a Lagrangian randomwalk model. The film thickness was measured using an electrostatic-type non-contact gap-detector (DT-23 1 , IWATSU Co., Ltd.). A capacitance probe was mounted on the shaft and was rotated with the blade. The output signal from the capacitance probe was transmitted to an A/D converter through a slip ring. The film thickness was determined by subtracting the measured distance between the probe surface and the thin-film surface from the distance between the probe surface and the cylindrical wall surface. The power consumption was measured using a strain gage-type torque-transducer (TP-1KMAF KYOWA Electric Industry Co., Ltd.) attached to the shaft. The torque was obtained by subtracting the noload torque from the total torque (the reading of the meter).
The holdup defined by the fluid mass being held in the equipment was measured by simultaneously shutting off the flow at the top and bottom of the vessel. The signals from the instruments above were transmitted to a digital recorder through an A/D converter and processed by a personal computer.
The experimental conditions are listed in Table 1 .
Numerical Calculations
It is of great importance to measure the fluid velocities in the fillet in clarifying the flow structure and mixing mechanism in an agitated thin-film evaporator. The measurement is, however, an extremely difficult task, because neither hot-film nor laserDoppler velocimeter is applicable to the complicated recirculating flow with the curved free surface. 
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Here the derivatives of the velocities and pressure with respect to the axial coordinate z are neglected. This means that the shape of the fillet does not change in the axial direction. Further, the flow field of the fillet on the horizontal (r, #)-plane was approximated by the rectangular coordinates, x and y, as shown in Fig. 4 . This approximation is based on the fact that the curvature of the cylindrical vessel (250mm) is so large compared to the radial and tangential sizes of the fillet (about 7-8mm and 15mm). Equations (1) and (2) were solved using a Galerkin finite-element method combined with FTCS (foward-time centeredspace) scheme. A flow chart of the numerical scheme is shownin Fig. 3 . The convergence criterion at each point of the mesh was 60 W<e=0.001
of where the superscript n shows the number of numerical iterations. In this study, the stationary solutions of \jj and oj were given by the quasi-steady solutions of Eqs.
(1) and (2) satisfying the convergence criterion.
The axial velocity w was computed by substituting the velocities, u and v, obtained by solving Eqs. (1) and (2) into Eq. (3). Boundary conditions for the numerical calculations are given in Fig. 4 . In this study, the experiments were conducted by moving the blade, but the numerical calculations were examined by moving the cylindrical wall and fixing the blade as shown in the Fig. 4 . This is because the moving-wall system can simplify the calculations and because it can more clearly describe the fluid motion in the fillet. (Fig. 6 ). Almost all the streamlines which stretch from the film to the fillet are parallel to the wall and come into the clearance between the blade-tip and the wall. This suggests that the fluid intruding from the film into the fillet region shortly passes the clearance without being mixed with the circulating fluid. The measured values of power consumption in one blade are shown in Fig. 7 . It is found that the power consumption is well correlated with the curve shown by a solid line within ±30%deviation:
NP=6.02à" ReM6/5 à" Re*10à" (ho/d)~^ (8) where 
Here, Ho is the holdup in the region with the blade. The film flow in the blade region was experimentally confirmed to be close to a laminar falling film so that wmwas calculated by use of both the Nusselt equation and the measured value of h^. Whenthese values of h^, h, and wm are substituted into Eqs. (10)-(12), wf can be obtained. Figure 10 shows the values ofwf and wmagainst the film Reynolds number ReL. The predictions shown by the dotted line in Fig. 10 are in good agreement with the measurements. It is also found that wf and wmare well correlated by ReL:
wm=0.0l65-Re\!2
The correlations show that the cross-sectional mean velocity of the fillet is 20 times that of the film. This suggests that most of the fluid flows down in the fillet. This also becomesclear by plotting the ratio of the flow-rate in the fillet, Qf, to the total flow-rate, Q, as shown in Fig. ll . Here the ratio of the flow-rate in the fillet, g/9 to the total flow-rate, Q, was calculated by:
The ratio shows that 70-90% of the total flow-rate flows down in the fillet.
Mixing mechanism
As the most of the fluid flows down in the fillet, the exchange rate of the fluid between fillet and film may be reduced. To investigate the exchange rate, the Lagrangian random-walk model of Saw ford and Hunt8) was used together with numerical calculations of the velocity field. The model assumed that marked particles in the flow field are moved by the combined actions of the advective velocity and molecular diffusion. Then the particle displacements in the x-and -directions are given by dx=wdt+JD -dWd (17) dy=vdt+jD 'dWd (18) where D is the molecular diffusivity of the mass and dWddenotes the Gaussian white noise process with zero meanvalue and variance dt. The trajectories of the marked particles can be calculated by substituting u and v obtained from Eqs. 
Conclusions
The flow structure and mixing mechanism of highviscosity fluid in an agitated thin-film evaporator were experimentally and numerically investigated under isothermal conditions without evaporation. The main results of this study can be summarized as follows.
(1) The laminar flow in an evaporator is divided into a fillet flow and a film flow. The fillet flow consists of a spiral motion, and fluid accounting for 70-90% of the total flow-rate flows down in the fillet. The film flow can be considered to be a laminar falling film flow along the cylindrical wall, and its falling velocity and flow-rate are very small compared to those of the fillet.
(2) Mixing of the fluid between the fillet and film is extremely suppressed. This reduces the efficiency of the thin-film evaporator. These results indicate that the usual evaporators are not always effective, and that they should be improved to promote the fluid mixing between fillet and film.
